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Abstract
Ashumet Pond is located southeast of the Massachusetts Military Reservation
(MMR) in the towns of Falmouth and Mashpee, Massachusetts. A sewage treatment
plant (STP) located inside of the MMR discharged phosphorus-rich treated sewage into
the ground for a period of approximately 50 years. As a result, a treated sewage plume
formed and has migrated a significant distance, intersecting Ashumet Pond in its
northwest corner.
Many studies have been done to try and assess the impact of the phosphorus-laden
groundwater on the pond. Over the last 20 years the pond has experienced heightened
levels of phosphorus inputs from the STP plume, and there is concern that this
phosphorus could cause excessive phytoplankton growth due to phosphorus being the
limiting nutrient.
The purpose of this study was to utilize a computer model to predict the
effectiveness of remediation schemes that have been proposed to control the amount of
phosphorus present in the water column. The model that was used in this study was the
Water Quality for River-Reservoir Systems (WQRRS), which was developed by the U.S.
Army Corps of Engineers. WQRRS is a one-dimensional model, and was used to
extensively model temperature profiles, dissolved oxygen, and phosphorus levels within
the water body.
The most promising remediation schemes that were proposed and modeled are
hypolimnetic extraction and sediment extraction. Both methods were found to be
effective in removing the phosphorus from the water column without causing large
disturbances in other ecological parameters. An attempt was made to model the
phytoplankton, but a lack of data prevented effective calibration.
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1 Introduction
1.1 Problem Statement
Over the past 20 years Ashumet Pond has been studied extensively to monitor the possible
deterioration of the water quality due to phosphorus in the Ashumet Valley Plume, which
originated inside the Massachusetts Military Reservation (MMR) boundary. The pond is in
danger of experiencing excess algae growth, which would severely reduce the ponds usefulness
as a recreational area for boating, fishing, and swimming. This study was done to assess the
phosphorus loading within the pond and to use a computer model to simulate remediation
techniques that have been proposed to reduce the phosphorus concentration in the pond.
1.2 Site Location and History
The MMR is located in Barnstable County, Massachusetts, in the western portion of Cape Cod
known as the "upper Cape". It is comprised of about 22,000 acres, within the towns of Bourne,
Falmouth, Mashpee, and Sandwich (Jacobs Engineering, 1999).
The MMR site has played host to numerous sectors of the United States Military since its
beginning as a training ground for the Massachusetts National Guard in 1911. In the 1920s and
early 30s, the reservation had private owners, but was bought by the government and transformed
into a National Guard training camp in 1935. World War II marked the peak in military activity
at MMR. The war effort spawned tremendous growth within the facility as over 1400 buildings
were built, and over 50,000 people were assigned to the training camp at that time in preparation
for war (Rolbein, 1995)
The airfield became active in 1941, and facilitated coastal surveillance. The site was also
conducive to several forms of special training, and troops practiced amphibious assaults on the
beaches to prepare for similar attacks in Asia, Africa, and throughout the Pacific. Located on the
base was the East Coast Processing Center, a facility dedicated to training reluctant patriots who
had tried to shirk military service. In addition, several thousand German prisoners of war were
kept at the MMR (Rolbein, 1995).
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Following World War II, the MMR lease was reorganized several times among its occupants,
primarily the Air Force, the Army, and the Coast Guard. The Commonwealth of Massachusetts
currently leases MMR property to these parties. The 5,000-acre cantonment in the southern
portion of the base has seen the most activity over the past century. It has been used by all three
military branches and contains runways for airplanes, roads, housing, and maintenance facilities
for both aircraft and land vehicles (MMRIRP, 1996).
1.3 Ashumet Pond
Ashumet Pond has a surface area of approximately 203-acres and is described best as a kettle
pond. Kettle ponds were formed at the end of the ice age as the glaciers receded. As the glaciers
receded they left behind deposits of meltwater outwash that sometimes contained large ice blocks
buried within (Wetzel, 1979). As the ice blocks melted in the outwash, they created large
depressions that are often very irregular in shape. This phenomenon explains the pond's irregular
shape that consists of two deep depressions, one about 60 feet deep and the other about 20 feet
deep. Figure 1.1 is a contour map of the pond's bathymetry.
Another interesting feature of Ashumet Pond is that it's primarily source of water is through
groundwater recharge. The hydraulic gradient, or the direction of flow of the groundwater, is
mainly in the north to south direction. It is estimated that 1/3 of the pond bottom accounts for
groundwater inflow, while the remaining 2/3 is groundwater outflow. The "hinge line," also in
Figure 1.1, shows the approximate boundary between groundwater inflow and outflow. Other
sources of inflows to the pond are the 180- 200 acre watershed consisting wooded, residential,
and beach areas, a cranberry bog that has seasonal inflows of water, and direct precipitation (E.C.
Jordan Co., 1988).
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FIGURE 1.1 Ashumet Pond's Bathymetry (Jacobs Engineering, August 1999)
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1.4 Background on the Ashumet Valley Plume
The Ashumet Valley Plume was formed from the discharge of treated sewage from a sewage
treatment plant located just inside the southeast border of the MMR. The Sewage Treatment
Plant (STP) was constructed in 1936 to treat approximately 0.9 million gallons per day (mgd) of
sewage from the MMR. In 1941 the treatment plant was expanded to treat an average of 3 mgd
and a maximum load of 6 mgd. Actual flows were much less than the design flows, and it is
estimated that between 1936 and 1980, approximately eight billion gallons of sewage was treated
at the plant (LeBlanc, 1984). A conservative estimate of 2 billion gallons of sewage was treated
between 1980 and the closing in 1995 (Shanahan, 1996), bringing the total treated sewage to
approximately 10 billions gallons.
The STP operated essentially unchanged from 1941 to 1995. The STP had primary treatment
consisting of a comminutor with a bar screen, an aerated grease-removal unit, and Imhoff tanks.
The secondary treatment system consisted of trickling filters and secondary settling tanks. The
treated sewage was then discharged into 24 one-half-acre rectangular sand beds. Each bed was
designed to handle the infiltration of 125,000 gallons per day (LeBlanc, 1984).
The STP plume was discovered in the 1970s when the Town of Falmouth had to terminate the use
of a well 9,000 feet downgradient of the infiltration beds because of foaming due to surfactants in
the plume. Other constituents of the STP plume are nitrogen, phosphorus, boron, dissolved
organic carbon, and to a small extent volatile organic chemicals. The plume spread rapidly and to
great extents due to the high hydraulic conductivity of the sandy soils. It is estimated that the
hydraulic conductivity of the aquifer is 200 to 300 ft/d (LeBlanc, 1984), and this high
conductivity has allowed the contamination to spread 24,000 feet downgradient from its origin,
and to 4000 ft wide in some sections. Figure 1.2 shows the size and shape of the Ashumet Valley
plume. The location of the former STP was at the northern tip of the plume.
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Phosphorus is the constituent of the plume that is of concern in this study, and although the STP
plume is greater than 20,000 feet long, the highest phosphorus concentrations are just now
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reaching the pond (only 2,000 ft downgradient). The most probable explanation for this slow
migration is the adsorption of phosphorus onto aquifer sediments and the formation of insoluble
phosphorus compounds (LeBlanc, 1984). Metallic oxides, especially ferric hydroxide and
aluminum and calcium hydroxides (Shanahan, 1996), are especially good at adsorbing
phosphorus in groundwater. Lab experiments were conducted with native soils to try to
determine the sorptive capacity. These lab experiments involved exposing the native soils to
extremely high initial concentrations of phosphorus, and then monitoring the sorption. Two
sorption reaction rates were found. The initial sorption reaction that occurs is rapid and is
followed by a slower reaction usually lasting a total of 12 to 15 days. When tests were conducted
with initial concentrations representative of the actual treated sewage, the sorption was rapid and
completed in about 24 hours. As a result it was concluded that the soils in the aquifer should
have capacity to sorb all of the dissolved phosphorus released from the STP (Walter et al., 1996).
However, since the treated sewage was released into the aquifer for over 50 years, available
sorption sites have become occupied, which has allowed the phosphorus to migrate downgradient.
This migration, however, has been at a very slow rate compared to the rest of the plume. Since
the STP has ceased operation, uncontaminated groundwater has begun to flush the plume, and
phosphorus is predicted to slowly desorb and migrate downgradient.
Studies have shown that pockets of phosphorus exist in the plume where concentrations are in
excess of 6 mg P/L, while the average uncontaminated groundwater in the aquifer is only .05 mg
P/L (Shanahan, 1996). The most recent studies show that these pockets have reached Ashumet
pond, and in fact may have been contributing to the phosphorus budget for some time.
1.5 Water Quality Dynamics
In order to understand the problems that are affecting Ashumet Pond, one must have an
elementary knowledge of water quality dynamics. In most deep quiescent ponds a condition
known as stratification occurs. Stratification refers to a separation in a water body due to density
differences. The basic physical process that drives stratification is that more dense water sinks,
while less dense water rises. Changes in density can occur from differences in the salinity or
temperature of the water. Colder water generally is denser than warm water, the densest water
having a temperature of 4 'C. In the absence of high solar radiation, a water body usually
remains well mixed as long as there is mixing from the wind or some other energy source. In
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other words, there is sufficient movement within the water body to keep the temperature and
other constituents within the water body well mixed.
Following the ice melt in the spring, Ashumet Pond is mostly uniform and well mixed by currents
derived from the wind. As warm weather persists, the solar energy heats the surface waters and
makes them less dense. Without deep currents and high wind velocities, the water body becomes
very hard to mix completely and as a result stratifies, leaving the mixing between the layers to
diffusion. Even slight differences in water densities make it very difficult to mix the entire pond.
In the summer the pond can be characterized by having an upper layer that is generally warm,
well mixed, and turbulent. This upper layer is referred to as the epilimnion. The deep, cold, and
relatively unmixed region of the pond is referred to as the hypolimnion. The layer of water that
lies in the middle of the hypolimnion and the epilimnion is called the metalimnion, which is
characterized by its thermal gradient. When autumn approaches, the temperature falls in the
atmosphere. The epilimnion loses the heat energy that it has gained over the summer months, and
the density of the epilimnion ultimately becomes greater than that of the hypolimnion. The
surface waters then sink and mix by convective currents or with a wind induced epilimnetic
circulation. These mixing mechanisms then quickly eliminate the metalimnion until the entire
volume of the lake participates in the mixing and circulation. This process, termed the fall
turnover (Wetzel, 1975), is cyclical and occurs once a year.
Figures 1.3, 1.4, and 1.5 show different characteristics of the pond in both the hypolimnetic and
the epilimnetic regions over a period of stratification. The data was supplied by Jacobs
Engineering (Jacobs Engineering, 2000a).
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FIGURE 1.5 Field Data of Phosphorus Concentrations at Different Depths
The previous figures graphically depict the stratification cycle for temperature, phosphate, and
dissolved oxygen in Ashumet Pond during 1999. Data collection began in late April, and ended
in November. At the beginning of the collection period the pond was well mixed, characterized
by similar values in the deep region and the shallow region of the pond. The pond then quickly
became stratified, characterized by large differences in the temperature, dissolved oxygen, and
phosphate values. In the beginning of October the fall turnover occurred, and the pond went back
to being well mixed. The steep drop in dissolved oxygen in the hypolimnion is mainly due to the
oxygen that is used during the decay of organic matter, and the fact that dissolved oxygen cannot
be replenished in the hypolimnion due to the lack of mixing. Under anoxic, or oxygen depleted
zones, there is a release of phosphorus from the sediments known as sediment regeneration. This
release is clear in Figure 1.5. Under oxygenated conditions, phosphorus is often retained in the
sediments at the bottom of the pond due to an oxidized microlayer at the sediment surface
(Shanahan, 1996), but once this layer is depleted, phosphorus is liberated to the water column.
Once conditions become oxygenated again, the microlayer forms and phosphorus gets trapped in
the sediments.
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1.6 Eutrophication
Extensive studies have been done over the last 20 years to determine if the STP plume emanating
from the MMR has promoted eutrophication. Eutrophication traditionally refers to the natural
aging process of a lake or pond where a water body becomes shallower and more productive
through the introduction and cycling of nutrients. In a natural setting, a water body receives
inflows of water from its surrounding watershed, direct precipitation, and groundwater. Along
with the water, the water body also receives all the constituents that are in the water. These other
constituents could include natural substances such as minerals and sediments, and they also could
include man made substances that come from fertilizer runoff, septic system leakage, industrial
waste, etc. As a result, the state of the water body reflects all the water and materials that flow in.
A lake or pond in its natural state is usually in a balance with the environment, resisting change in
its trophic state. The trophic state is a term used to relate a water body's health to other water
bodies, and also determines its stage of eutrophication. Inevitably a lake will become a marsh
and ultimately a terrestrial system, but it is normal for a lake to remain in a trophic state for
thousands of years.
There are three general trophic states in which a water body can be classified: oligotrophic,
mesotrophic, and eutrophic. Oligotrophic water bodies are generally thought of as having low
levels of nutrients, clear blue waters, and large depressions with steep sides (Home and Goldman,
1994). Because of the low levels of nutrients, there is a cascade effect up the food chain resulting
in a relatively low level of fish and other biota. Oligotrophic lakes are often limited in
phosphorus and have an abundance of nitrogen; therefore, the key constituent contributing to the
eventual eutrophication of a lake is phosphorus (Wetzel, 1975). Eutrophic lakes, on the other
hand, are very productive. They are usually less than 10 meters deep with gradually sloping
edges and murky waters. Nutrients usually abound, making the water body very productive in
terms of biological life. Mesotrophic lakes are the intermediates in the trophic status, and have
characteristics of both oligotrophic and eutrophic water bodies. Water bodies in the mesotrophic
state are the most common. Once a lake changes its trophic state it is almost impossible to
change it back (Ryding and Rast, 1989). As a result, it is very important to the citizens of
Falmouth and Mashpee to ensure that the trophic state of the pond does not change prematurely.
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As previously mentioned, a eutrophic water body usually contains high levels of nutrients which
promote algae growth. Algae require three macronutrients in order to grow: carbon, nitrogen, and
phosphorus. Micronutrients may also be necessary in some cases. In order for uninhibited algae
growth, all nutrients must be present but not necessarily in the same quantity. The average
atomic ratio of the macronutrients necessary for growth is 106C: 16N: 1P, which is a simplified
form of the Redfield ratio (Hemond and Fechner-Levy, 2000). If any of these nutrients are
missing or not available in the necessary amount, algal growth becomes limited. This concept
was formulated in 1840 by Justin Liebig, who claimed that, "growth of a plant is dependent on
the amount of foodstuff that is presented to it in minimum quantity." Today this concept is
known as Liebig's law of the minimum. Liebig's law, however, only applies if the actual cause
of limited growth is nutrient related, and not due to lack of sunlight or sub-optimal temperatures
(Ryding and Rast, 1989).
Mass is normally recycled in an ecosystem. Chemical substances generally are passed from one
trophic level to another via the food chain, starting with the smallest plants, which are algae.
Eventually the carbon and other nutrients cease to move up the food chain and are put back in the
water column in the form of detritus, which is comprised of dead organisms or excretion.
As the detritus sinks to the bottom of the water column it begins to undergo mineralization, which
is the process by which microbes convert organic compounds back to their inorganic forms.
Mineralization occurs as the result of redox reactions in which electrons are transferred from one
atom to another through the use of an electron acceptor. During this transfer there is an energy
release to the microbes that allows them to live. The size of the energy release is dependant on
the electron acceptor that is used; therefore, electron acceptors are usually utilized in a specific
order. Oxygen is the electron acceptor that releases the most energy, followed by nitrogen,
magnesium, iron, and sulfate. As a result, the microbes that can use oxygen as a substrate often
dominate in a water body until the oxygen has been depleted, then microbes favoring nitrogen
take over, and so on until all of the sulfate has been used up in a system. Following the depletion
of sulfate, organic material decomposes by fermentation in a process called methanogenesis, in
which methane gas is produced (Hemond and Fechner, 1994).
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1.6.1 Carbon Cycling
Almost all algae receive their carbon from dissolved carbon dioxide that is found in water. The
carbon dioxide has a constant source of replenishment from the air. When the algae dies or is
consumed by another living organism the organic carbon is mineralized back to carbon dioxide
thus completing the carbon cycle.
1.6.2 Nitrogen Cycling
In most water bodies nitrogen is introduced in the form of nitrate, which the algae can
immediately use as substrate. As the algae die and begin to decompose, nitrogen is released in
the form of ammonia. The ammonia then undergoes a process called nitrification, where it is
oxidized back to the nitrate form. The previously described cycle occurs under aerobic
conditions. Under anaerobic conditions, such as within the sediments, nitrate is further reduced
by bacteria to nitrogen gas in a process called denitrification. The nitrogen is then generally lost
from the system. However, a few species of algae do have the capability to convert nitrogen gas
from the atmosphere to organic nitrogen.
1.6.3 Phosphorus Cycling
Most phosphorus that is found in water bodies originates from external sources. In most cases
phosphorus must be in the inorganic form of orthophosphate in order to be used by algae and
incorporated into organic compounds. As organisms die, they sink to the pond bottom where they
decay and mineralize. During mineralization phosphorus is released, but often becomes retained
in the sediments due to the oxidized micro layer described in Section 1.5. Phosphorus sediment
regeneration may not be harmful during periods of stratification when there is not complete
mixing in the water body, but when the water body has its fall overturn the phosphorus will be
spread throughout the pond (Davis and Cornwell, 1998).
1.6.4 Limiting Nutrient
As described above, phosphorus is the only nutrient that is not readily available in the atmosphere
and must originate from sources outside of the water body. As a result, phosphorus is usually
20
deemed the limiting nutrient in most fresh water bodies. However, one must be careful when
investigating eutrophication problems because it is not uncommon that a water body is controlled
by the amount of nitrogen in the ecosystem (Davis and Cornwell, 1998). Even if a water body is
labeled as "nitrogen" or "phosphorus" limited, different species use nutrients in different ratios
and have affinities for different types of nitrogen and phosphorus. This makes it difficult to
determine what the limiting factor actually is.
Because phosphorus can have such severe effects on water bodies, it is desirable and often
necessary to limit the amount of phosphorus that is allowed to flow into a water body. The
largest natural source of phosphorus comes from the weathering of rocks, which is very hard to
control. Sources of phosphorus that can be controlled are the ones that man is responsible for,
such as municipal and industrial wastewaters, seepage from septic tanks, and fertilizer runoff
from agricultural practices. When man is responsible for promoting eutrophication, it is known
as cultural eutrophication. Ashumet Pond is thought to be a victim of cultural eutrophication
because a phosphorus flux occurs from a small stream coming from cranberry bogs to the north of
the pond, residential septic systems which leach phosphorus into the pond, and most prominently
the phosphorus rich sewage plume that originates in the MMR.
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2 Trophic State Analysis
2.1 Trophic State
In order to assess the effects of the phosphorus plume on the pond, a trophic state analysis must
be done to determine the pond's present state. None of the trophic states are absolutely defined,
but rather water bodies are evaluated on an 'open boundary' classification system that rates the
lake on certain chemical and biological criteria (Ryding and Rast, 1989). In other words, no fixed
values are used to define a water body because a water body may be classified in one trophic state
for one parameter and another trophic state for another parameter. Therefore, different
parameters must be looked at and jointly evaluated to decide the final trophic state of a water
body.
The basis for most trophic state indices is the relationship between phosphorus and chlorophyll-a.
Chlorophyll-a is one of the green pigments that is involved in photosynthesis and is found in all
algae. It can be a useful parameter to distinguish the amount of algae in the water apart from
other organic solids such as bacteria.
Over the last 20 years Ashumet Pond has generally been classified as a mesotrophic water body
by a variety of different classification methods. In the latest study conducted by Jacobs
Engineering (Jacobs Engineering, 2000a-b), the pond seems to remain at the same trophic level,
but may be bordering on eutrophic conditions.
2.2 Carlson's Trophic State Index
Carlson's Trophic State Index (TSI) (Carlson, 1977) is a popular trophic state indicator that is
endorsed by the U.S. Environmental Protection Agency, but should only be used in lakes that
have low non-algal turbidity and relatively few rooted plants. Ashumet Pond fits these criteria.
The test utilizes three parameters to classify the system: the Secchi disk, chlorophyll-a, and
phosphorus levels. A Secchi disk is a black and white disk that is lowered into a water body to
measure the water's clarity. The disk is lowered into the water until it disappears, and then it is
brought back up until it just reappears. The average depth is termed the Secchi depth.
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Carlson's TSI uses a log transformation of the Secchi depth values to approximate algal biomass
on a scale from 0-110. Phosphorus and chlorophyll-a are usually closely correlated with Secchi
disk depth; therefore, they also can be used as indicators of trophic state using a log
transformation. Equations 2.1, 2.2, and 2.3 show these transformations.
TSI = 60 - 14.41 In [Secchi depth (meters)]
TSI = 9.81 In [Chlorophyll a (pg/L)] + 30.6
TSI = 14.42 In [Total phosphorus (pg/L)] + 4.15
(2.1)
(2.2)
TSI = Carlson trophic state index
In = natural logarithm
If a calculated TSI value falls in between 40 and 50, it is usually associated with mesotrophic
conditions. Index values greater than 50 are associated with eutrophic conditions, and values
less than 40 are associated with oligotrophic.
(http://www.epa.gov/ceiswebl/ceishome/atlas/ohiowaters/resources/moreaboutlakes.html)
Jacobs Engineering used the Carlson TSI method to determine the trophic state in its 1999
investigation (Jacobs Engineering, 1999). The range of data and average values for Secchi depth,
total phosphorus, and chlorophyll-a are presented below in Table 2.1.
TABLE 2.1 Range of Data and Average Values (Jacobs Engineering, 2000a)
Secchi Depth (m) Total Phosphorus (gg/L) Chlorophyll a (gg/L)
Average 2.6 26 6.4
Range 1.6-5.5 18-43 1.5-19.2
TABLE 2.2 Calculated TSI Values and Ranges (Jacobs Engineering, 2000a)
TSI Value Trophic State
Secchi Depth 46 (35-53) Mesotrophic
Total phosphorus 51(46-58) Meso-Eutrophic
Chlorophyll-a 58 (44-69) Meso-Eutrophic
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(2.3)
2.3 NYSDEC Criteria
Jacobs Engineering also used the New York State Department of Environmental Conservation
(NYSEC) criteria. Like Carlson's TSI criteria, the NYSDEC criteria assume that there is low
non-algal turbidity and few rooted plants. The NYSDEC criteria base their determination of
trophic state on the range of values in Table 2.3.
TABLE 2.3 NYSDEC Trophic State Criteria
Trophic State Secchi Depth (ft) Total Phosphorus (pg/L) Chlorophyll a (gg/L)
Oligotrophic >15.1 <10 <2
Mesotrophic 6.2- 15.1 10-26 2-10
Eutrophic <6.2 >26 >10
Using data from the 1999 Jacobs Engineering report, the NYSDEC criteria gives the pond a
mesotrophic status for Secchi Depth and chlorophyll-a. The total phosphorus parameter lies on
the border of mesotrophic and eutrophic.
In general Ashumet Pond appears to be mesotrophic, but bordering on eutrophic conditions. This
new data correlates with earlier studies done by Shanahan in 1996 and E.C. Jordan in 1988 in
which the pond was classified as mesotrophic.
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3 Computer Modeling of Ashumet Pond
3.1 Water Quality for River-Reservoir Systems
The goal of modeling Ashumet Pond with a computer model was to represent and predict aspects
of water quality within the pond. The software that was chosen to do this task was the Water
Quality for River-Reservoir Systems, or WQRRS. WQRRS is a computer program that was
developed by the US Army Corps of Engineer's Hydraulic Engineering Center (Smith, 1978).
The program has the capability to model both the reservoir and river sections of a system;
however, since Ashumet Pond does not have any river inflows, only the reservoir portion of the
program was used.
WQRRS was chosen because it could effectively model the important water quality variables
affecting Ashumet Pond. These main water quality variables are phosphorus content,
phytoplankton, temperature stratification, dissolved oxygen content, and nitrogen content. The
model is 1-dimensional, represented by horizontal slices stacked on top of each other. A 1-
dimensional model has the advantage of being simpler to use than a 2-dimensional or 3-
dimensional model, but may not give accurate results in some water bodies due to turbulent
mixing caused by surface water inflows and outflows. The model assumes that there is complete
mixing within each slice, and internal transport of heat and mass happens only in the vertical
direction. Figure 3.1 shows the geometric representation of the reservoir and mass transport
mechanisms that are used by the model.
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FIGURE 3.1 A Geometric Representation of the Reservoir and Mass Transport Mechanisms
Used by WQRRS (Smith, 1978)
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A theoretical method that can be used to determine if a 1-dimensional model is appropriate is the
Froude number. If the calculated Froude number is much less than one, the water body is
vertically stratified and applicable to WQRRS. If the Froude number is found to be much larger
than 1, the pond is likely to have a horizontal gradient and could not be modeled using WQRRS.
The Froude number can be calculated using Equation 3.1 (Orlob, 1969).
Froude = LQ (3.1)
VNh
Where:
L = length of pond, m
h = depth of pond, m
V = volume of pond, m 3
Q = throughflow, m3/sec
N = buoyancy frequency, sec-1
Ashumet Pond's Foude number was found to be about .00018, therefore the pond is vertically
stratified and can be modeled using WQRRS.
The modeling approach that WQRRS uses is based on the concept of conservation of mass and
energy, and can be used to model the dynamics of each chemical and biological component. The
model uses Equation 3.2, below, to model the dynamics of thermal energy, biotic and abiotic
materials:
ac = w ac D C. -C±S (3.2)
at dz dz ' az A A
Where:
c = thermal energy or constituent concentration in the reservoir in appropriate units, e.g., kcal
and mg/l
t = time coordinate, sec
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z = space coordinate, m
w = vertical velocity, m/sec
Az = element surface area normal to direction of flow, m2
De = effective diffusion coefficient, m 2/sec
qi = lateral inflow, m/sec
Ci = inflow thermal energy or constituent concentration in appropriate units
gO = lateral outflow, m/sec
S = all sources and sinks in appropriate units, e.g., kcal/sec, mg/1/sec, etc.
Equation 3.2 is used for all constituents that move freely about a water body with the movement
of the surrounding water. The constituents that can move freely (fish) are modeled using
Equation 3.3 (Smith, 1978):
dc
- = ±S (3.3)
dt
Arguably, one of the most important parameters in a water body is the temperature because most
chemical, biological, and even some physical parameters are temperature dependent.
Temperature changes occur because of transfer of heat to and from the air-water interface. Heat
exchange with the sediments is ignored because the model assumes that the bottom area is small
compared with the volume of the lake. Water surface heat exchange consists of five components:
qm = net rate of short-wave solar radiation across the interface
qm = net rate of atmospheric long-wave solar radiation across interface
q = rate of long-wave radiation from the water surface
qe = rate of heat loss by evaporation
qc= rate of convective heat exchange between the water surface and overlying
air mass
These five components are used in conjunction with the meteorological data to determine the heat
flux to and from the water column. The meteorological parameters that are used to control the
heat exchange coefficients are wind speed, dew point, dry bulb air temperature, and the fraction
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of the sky that is cloud covered. Changes in these constituents are what drive the temperature
profiles in the model.
The surface water temperature is also affected by adjusting the evaporation coefficients in the
model. Increasing the evaporation coefficients lowers the temperature in the water, and
decreasing the evaporation coefficients raises the temperature.
Once the energy is introduced to the water body, it is spread by the ponds hydrodynamics.
WQRRS models the hydrodynamics in a pond using two types of net flow, advection and
diffusion.
Advection is the bulk movement of fluid in a water body. WQRRS models advective mass
transfer and heat within the system by algebraically summing the inflows and outflows, and then
filling in the flow imbalances with vertical advection to the elements directly above and below a
specified element. Figure 3.1 shows this process graphically with two tributaries contributing to
the reservoir, one outflow, and the effects of evaporation. When there is an imbalance in the
system, vertical advection occurs along with changing pond volumes.
Diffusion is the second process that is modeled, and is composed of molecular and turbulent
diffusion as well as convective mixing. Wind and flow are usually responsible for diffusive
mixing. In well-stratified reservoirs that do not contain large inflows, diffusive mixing can be a
very important consideration, which is the case in Ashumet Pond. WQRRS allows the user to
specify one of two methods for diffusive mixing. The first method is the wind method, which
uses the wind as the main source of mixing. The second is the stability method, which assumes
that mixing will be at a minimum when the density gradient is at a maximum. Since the pond is
deep in some sections and well stratified with a strong density gradient, the stability method was
found to be the most effective method for specifying diffusion. The stability method involves the
use of effective diffusion coefficients and critical column stability to control the amount of
diffusive mixing.
In order to model the biological constituents of a water body, WQRRS's ecological processes
center around phytoplankton and its direct relationship with nutrients within the pond. Figure 3.2
is a diagram showing the interaction of the constituents within the model (Smith, 1978). All of
the parameters in Figure 3.2 can be modeled using WQRRS, or the model gives the user the
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option to either not use the parameter or hold the parameter constant at a specific value.
However, when eliminating parameters in the model a user must be fairly certain that the
parameters eliminated will not alter the outcome of the simulation. If they will alter the outcome,
they should not be eliminated.
Aeration
Bacterial Deday
Chemical Equilibrium
Excreta
G Growth
M Mortality
P Photosynthesis
R Respiration
S Settling
H Harvest
FIGURE 3.2 Interaction of Constituents within WQRRS (Smith, 1978)
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3.2 Modeling, Data, and Calibration
The modeling process involves three equally important steps: data input, calibration and
validation, and predictions. The first two of these steps will be discussed in this chapter.
In order for the model to accurately predict results, accurate data must be input to the system, and
the model must be calibrated to reflect the pond's specific characteristics. The compilation of
accurate data to model Ashumet Pond is fairly straightforward, as there were extensive studies
done on the pond in 1993, 1994, and 1999. The study done in 1999 has the most extensive data,
having been collected on average once every two weeks. The data is inputted to WQRRS
through a text file that must be formatted a certain way. The user manual written by Smith
(Smith, 1978) gives a detailed description of how the text file must be set up. An example input
file used during this study is presented in Appendix A of this document.
The WQRRS model runs by taking an initial set of conditions and parameters, and then predicting
future conditions over a specified period of time. For best results it is recommended that the
modeling begin during a time when there is no stratification. Ashumet Pond normally begins
stratification in late April; therefore, the modeling began in April and ran through October. The
remainder of the year was not modeled because of a lack of pond data before April and a lack of
climatic data after October. Using WQRRS to model the pond year-round would also be
erroneous because the model cannot account for ice cover that Ashumet Pond usually experiences
in the winter months.
Jacobs Engineering performed the detailed study done on Ashumet pond in 1999. Data that was
collected in April of 1999 was used for the initial conditions in the pond (Jacobs Engineering,
2000a). The Jacobs Engineering report was used to input initial conditions of temperature,
dissolved oxygen, ammonia, nitrate, nitrite, and phosphate. Initial values for zooplankton and
phytoplankton had to be estimated using past reports because the 1999 report did not include
these constituents.
WQRRS also requires daily weather data for the time period being modeled. Weather data was
available for free download at the website for the National Climatic Data Center
(http://www.ncdc.noaa.gov). The weather data necessary to model the system was the date of
31
observation, fraction of sky that was cloud covered, dry bulb air temperature, dew point,
barometric pressure, and wind speed. In order to get the most accurate results, it is desirable to
get the climatic data from a location close to the water body that is being modeled. There are
many weather stations near the MMR that collect data; unfortunately none of them had complete
records for the time periods that were needed. Therefore, climatic data from Logan airport, which
is approximately 65 miles north of Ashumet Pond, was used.
Inflows and outflows from the pond are also extremely important. WQRRS is a model that was
developed to model reservoirs that contain one or more tributary rivers. WQRRS models
withdrawals through one or two wet wells that contain up to eight ports each, a flood control
outlet, and an uncontrolled spillway that operates only when the total flow exceeds the combined
capacity of the wet wells and flood control outlet. Because the inflows and outflows in Ashumet
Pond are both done through groundwater, a few tricks had to be used to model the pond.
3.2.1 Inflows to Ashumet Pond
Modeling the tributary river as groundwater inflow was straightforward, but several assumptions
had to be made. The assumption was that the water had a constant temperature throughout the
entire modeling period of 14*C. This is a valid assumption because the temperature of
groundwater generally remains constant throughout the year. A constant inflow rate is also
specified, and is determined from a water budget of the entire pond. Because there is only one
inflow source, the inflow must include not only the groundwater input, but also the precipitation
that directly falls on the pond surface, intermittent flow from the cranberry bog, runoff from the
immediate watershed, and storm water discharge (E.C. Jordan Co., 1988). On average the pond
receives 3.5 x 106 m 3/yr of water as inflow.
Another factor that is extremely important is the flux of other constituents into the pond, such as
the dissolved oxygen, nitrate, nitrite, ammonia, and phosphate. Constituents such as
phytoplankton and zooplankton do not exist in the groundwater or other sources of water, and
therefore are not included in the inflows to the pond. The most important inflow constituent that
is modeled in this study is the concentration of phosphate in the inflows. As a result, there have
been numerous attempts to quantify the amount of phosphate that enters the pond on a yearly
basis. Section 3.2.1.1 outlines phosphorus budget analysis that was done by Jacobs Engineering
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(Jacobs Engineering, 2000a), but is typical of many of the analyses that have been done in the
past.
3.2.1.1 Phosphorus Budget in Ashumet Pond
Normally phosphorus is not found naturally within a water body; therefore, all of the phosphorus
that is present in a water body is assumed to have originated elsewhere. Ashumet Pond has a
number of potential sources of phosphorus that could be damaging to the pond. The traditional
sources of phosphorus used to develop Ashumet Pond phosphorus budgets are: groundwater
impacted by the STP plume, groundwater not impacted by the STP plume, runoff from cranberry
bogs, direct rainfall, residential septic systems, storm water runoff, and immediate watershed
runoff. A significant source of phosphorus within the pond is regeneration from the pond
sediments. There are only two significant phosphorus sinks within the pond, and they are
sediment burial and groundwater outflow. Figure 3.3 graphically depicts the phosphorus budget
within Ashumet Pond.
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FIGURE 3.3 Phosphorus Budget Within Ashumet Pond
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Phosphorus from the Groundwater
Phosphorus in the STP plume affects approximately 3% of the total groundwater inflow. This
estimate was formulated according to recent studies done along the northwestern shore of
Ashumet Pond known as Fisherman's Cove (see Figure 1.1). Figure 3.4 (Walter et al, 1996)
shows the results of a study conducted by the US Geological Survey. The figure shows the
location of the infiltration beds and the resulting contour lines of phosphorus concentrations. In
some areas of the plume the phosphorus levels have peaked to levels greater than 6 mg/l;
however, in the area of Fisherman's cove the phosphorus levels are generally 2 mg/L, which is
still a high concentration when compared to the natural groundwater concentration of .026 mg/L.
70'32-50. 70*32'07"
Ba1e rom US. Gelogial surey agital data 0 500 1,000 2,000 FEET
1-24,000. lO, 19_____
U*Me~qe Timemae MemlC *00wdr ~ -_____
G ra ns v 0 250 50 METERS
FIGURE 3.4 Phosphorus Concentration in the Groundwater Entering into Ashumet Pond
(Bussey and Walter, 1996)
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Another source of phosphorus is septic tank discharges. Approximately 32 houses exist within
300 feet upgradient of the pond, and discharges from their septic systems could contribute to
elevated concentrations of phosphorus as well.
In calculations done by Jacobs Engineering, it was found that the STP plume contributes
approximately 42 to 82 kg/year of phosphorus to the pond. The rest of the groundwater,
including the water contaminated by residential septic systems, contributes an additional 117 to
125 kg/yr of phosphorus.
Direct Surface Water Runoff
The watershed that directly drains into Ashumet Pond is fairly small, not to mention that a lot of
the rainwater infiltrates into the sandy soil before it can run off. The phosphorus content of the
surface water runoff is variable depending upon soil types, slopes, fertilization practices, and land
use. A conservative estimate of the phosphorus contribution is found by using a watershed area
of approximately 180 acres and a phosphorus concentration of .25 mg/L of phosphorus. These
estimates result in a loading of approximately 6 kg/yr.
Storm Water Drainage
There are two major storm water drainage systems that flow into Ashumet Pond from the MMR.
The storm drains are used primarily to drain the water from the airport runways, which are still in
use at the MMR. No phosphate fertilizers are used in the grounds keeping activities around the
areas of the storm drains (E.C. Jordan, 1988). The first storm drain discharges directly into
Ashumet Pond, while the second discharges into the abandoned cranberry bogs. It is estimated
that the storm drain that discharges directly into the pond is responsible for approximately 5 to 9
kg/yr of phosphorus to the pond.
Cranberry Bog
Abandoned cranberry bogs are located northeast of Ashumet Pond, and discharge runoff directly
into the pond during certain times of the year. As previously mentioned, a storm drain from the
MMR also discharges into the abandoned cranberry bogs, and must be incorporated into the
phosphorus estimate. In recent samples taken from the channel connecting the cranberry bogs to
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the pond, average phosphorus concentrations were found to be roughly .0035 mg/L, thus giving a
total loading of approximately 2 kg/yr.
Precipitation
The final contributor to the phosphorus budget is from direct precipitation. The average
phosphorus concentration in rainfall is estimated to be approximately .03 mg/l. Since the average
annual rainfall is approximately 47.65 inches and the surface area of the pond is 203 acres, the
phosphorus load is approximately 31.5 kg/yr.
Table 3.1 shows the phosphorus budget that was used to do the modeling. This budget is adapted
from the Ashumet Pond Phosphorus Budget (Jacobs Engineering, 2000a).
TABLE 3.1 Ashumet Pond Phosphorus Budget
Water Inflow Phosphorus Phosphorus Percent of
Pond Budget Source (m3/yr) Concentration Flux (kg/yr) Total
Total Groundwater Inflow 4.7E+06 - 4.9E+06
STP Plume Groundwater Inflow 1.2E+05 - 1.6E+05 48-82 19.0 - 39.0
Other Groundwater Inflow 4.5E+06 - 4.8E+06 .026 mg/L 117-125 46.0 - 60.0
Storm Wwater Discharge 1.8E+04 - 3.7E+04 .25 mg/L 4.6-9.2 2.0 - 4.0
Cranberry Bog Discharge 6.7E +05 .0035 mg/L 2.3 1
Surface Water Runoff 2.4E + 04 .25 mg/L 6 2.0 - 3.0
Total Precipitation 9.9E + 05 .03 mg/L 30 12.0 - 14.0
Total 208-255
Regeneration 3759
Ashumet Pond Sink
Groundwater Outflow 4.9E+06 - 5.7E+06 216-239
Sediment Burial 69-84
1___ 1__ 284-322 1 1
Table 3.1 also shows regeneration within the pond. The regeneration is split into two entities, the
first of which is regeneration within the water column. Regeneration within the water column
measures the mineralization that takes place in the water, and is measured by the oxygen uptake
in water samples. This value was then used to approximate the quantity of phosphorus
regenerated within the water column. Based on the calculations done by Jacobs Engineering,
approximately 3370 kg/yr of phosphorus is regenerated within the water column. Mineralization
is part of the natural cycling of nutrients in the water column, and most of this phosphorus is used
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as substrate. Sediment regeneration is the second term associated with regeneration. Sediment
regeneration was described previously as the phosphorus that is released to the water column
under anoxic conditions. The sediment regeneration was found to be approximately 390 kg/yr.
Phosphorus sinks are also shown in Table 3.1. The two main sinks are groundwater outflow and
sediment burial, both of which are significant. From this study it appears that the sinks in the
pond outweigh the sources if regeneration is not included. This imbalance may or may not be
enough to counteract the inflows from the STP plume in the long run
Figures 3.5a and 3.5b are graphical representations of the phosphorus sources and sinks within
Ashumet Pond. It is easy to see that the STP contributes a significant amount of the total
phosphorus to the system, and if it was eliminated there would be significantly less phosphorus
entering the pond annually.
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FIGURE 3.5
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Graphical Depiction of the Sources and Sinks of Phosphorus in Ashumet Pond
a) Phosphorus Sources b) Phosphorus Sinks
In the past there have been other studies to derive an accurate phosphorus budget. Table 3.2
(Shanahan, 1996) shows some predicted phosphorus concentrations derived in past studies. It is
clear that the loading that Jacobs Engineering calculated is higher than the predictions made in
the past; however, the future loadings that were predicted represent estimates of the loadings
around the year 2000. It is apparent that the predicted future case scenarios were over-estimated.
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Past Estimates of Ashumet Pond Phosphorus Budget (Shanahan, 1996)
3.2.1.2 Other Constituents
The remaining parameters necessary to model Ashumet Pond were all part of the nitrogen budget.
Values of ammonia, nitrate, and nitrite were estimated using both the groundwater contribution
and atmospheric contribution to the pond. Concentrations were derived for the groundwater
using studies done by the United States Geological Survey (USGS) on the groundwater in the
immediate area. Table 3.3 shows the concentration of each constituent modeled in the inflows.
TABLE 3.3 Concentration of Constituents Modeled in the Inflow
Constituent Concentration (mg/)
Phosphate .073
Ammonia .07
Nitrate .10
Nitrite .11
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Phosphorus Load Total Percentage Load Aerial Phosphorus Predicted
From STP Plume Phosphorus from MMR Plume Loading Rate Concentration Trophic State
(kg/yr) Load (kg/yr) (%) (g/m 2 - yr) ctig/L)
K-V Associates,
1991 37 126 30 0.15 17 Mesotrophic
E.C. Jordan
Co., 1988
Present, best
ase 19 70 27 0.09 9 Oligotrophic
Present, worst
case 57 145 39 0.18 19 Mesotrophic
Future, best
case 187 241 78 0.29 32 Eutrophic
Future, worst
case 375 466 81 0.57 62 Hypereutrophic
Walter et al.,
1995 67 155 44 0.19 21 Mesotrophic
Shanahan,
1996 205 293 70 0.36 39 Eutrophic
No MMR -
plume
scenarios
Best case 0 51 0 0.06 7 Oligotrophic
Worst case 0 88 0 0.11 12 Mesotrophic
TABLE 3.2
3.2.2 Outflows
As previously mentioned, outflows from the pond can be modeled using wet wells, an
uncontrolled spillway, and a flood control gate. Simulation of the groundwater outflow can best
be represented using one of the wet wells. A wet well is a device that can selectively withdraw
water from different depths of a water body, and therefore was particularly useful in simulating
groundwater inflows. One wet well was used, utilizing all 8 ports. Each port was spaced evenly
at 2.5 meters, starting at an elevation of 1.25 meters above the bottom of the deep basin. Each
port was set to extract water at the same rate. This even spacing and flow rate allowed for a
reasonably good simulation of groundwater evenly flowing out at all depths of the pond.
One model assumption that should be mentioned is that, when the wet wells extract water from
each level, they extract the water as well as all of the constituents in the water. This, however,
may not be what is actually happening in the system. For example, phosphorus does not flow
through the groundwater very well and therefore may not leave the pond at the rate specified.
This may also hold true for algae and detritus that is suspended in the water column. Another
assumption that could be pertinent is that the water is uniformly extracted in the model over all of
the depths, when this may not be exactly representative of the real conditions in the pond. Both
of these possible discrepancies had to be taken into account when analyzing the model and
calibrating.
3.2.3 Calibration
Careful calibration of a model is equally important to getting accurate results as correct initial
values. During calibration, parameters in the model are adjusted to reflect the actual conditions
within a specific water body. WQRRS is programmed with an initial set of conditions relating to
almost every physical and biological constituent within the pond, and a user is then responsible
for making changes to these parameters to best represent the water body. As a result, calibration
can be a tedious process and it is best achieved if it is done in an order where parameters that
affect other parameters are calibrated first.
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3.2.3.1 Water Budget
The first step was to get a correct water budget. In Ashumet Pond the water level does not vary
significantly; therefore the model has to simulate a situation where the elevation of the pond
remains relatively constant. Therefore, calibration of the water budget is straightforward. The
main obstacle that had to be overcome was accounting for the evaporation in the pond. Initially,
the inflows were set equal to the outflows in the model, but since WQRRS automatically
computes evaporation, the initial outflow rates had to be reduced slightly.
3.2.3.2 Thermal Profile
The thermal profile in the pond is also extremely important because the temperature of the water
affects almost every process in the pond. Calibration is achieved by comparing experimental
temperature profiles with results that WQRRS predicts. The most complicated portion of the
calibration is to correctly model the location of the thermocline. The location of the thermocline
can be adjusted by specifying the effective diffusion coefficients within the model. Adjustment
of these coefficients will allow more or less diffusion through the thermocline, and also determine
the time in which stratification begins and ends in the water body. The temperature on either side
of the thermocline is also very important. When water is introduced to the water body it is
assumed that it will assimilate into the water body at an elevation of like density. Since
groundwater is generally colder than the water in Ashumet Pond, the inflows to the pond
generally entered the model in the deep sections of the pond. Modeling the groundwater inflow
temperature at a constant 14 'C gave very reasonable results for the water temperature in the
bottom of the pond. The waters in the epilimnion were generally much warmer than the waters in
the hypolimnion, and were affected mostly by their direct contact with the atmosphere. As
previously explained in Section 3.1, water temperature at the surface could be adjusted using the
evaporation coefficients. The parameters previously described were adjusted until a satisfactory
fit was obtained between the actual values found in 1999, and the predicted values that the model
produced. In the end, the evaporation coefficients were kept at their default values and only the
diffusion coefficients were adjusted. Figures 3.6, 3.7, and 3.8 show comparisons between the
actual data and the predicted data in 1999.
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FIGURE 3.6 Comparison of Experimental and Model Predicted Temperature Profiles on
July 7, 1999
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FIGURE 3.7 Comparison of Experimental and Model Predicted Temperature Profiles on
August 9, 1999
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The calibrated model generally does a good job representing the actual thermal profile. One
problem that the model did have was predicting the correct depth of the thermocline. In general,
the model predicted a hypolimnetic temperature that was slightly warmer than the actual
temperature. In order to counteract this problem, the effective diffusion coefficients had to be
decreased slightly to allow the thermocline to form at a deeper depth. Another problem that the
model had was correctly predicting the end of stratification. The model predicted the end of
stratification approximately two weeks before it actually destratified; however, this is not seen as
a significant problem because the important processes take place during a time in which the
model accurately predicts stratification. One possible source of discrepancy in the temperature
profile may stem from the fact that the climatic data was taken from Logan airport. Figure 3.9
shows some of the temperature differences in between Logan Airport and the MMR.
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Temperature Differences Between Logan Airport and the MMR
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FIGURE 3.9 Average temperatures at the MMR and Logan Airport over a three-month period
It is clear that there are some major differences in the temperature. On average the temperature
difference between the two locations is approximately 6 degrees Celsius. This temperature
difference cannot be ignored, and can explain some of the troubles that were experienced during
the temperature calibration.
Calibration is usually used in conjunction with validation in order to ensure that the model is
giving accurate predictions. Validation is the comparison between model output and "real-world"
data that is independent of previous calibration (Ditmars et al, 1987). Therefore, in order to
further gage calibration, the model was used to predict the thermal structure in 1993 and 1994 and
then compared to the actual data from those respective years. Figures 3.10 and 3.11 show
predicted profiles compared with experimental data points for two dates in this time period.
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FIGURE 3.10 Comparison of Experimental and Model Predicted Temperature Profiles on
August 3, 1993
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FIGURE 3.11 Comparison of Experimental and Model Predicted Temperature Profiles on
June 28, 1994
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The model predicted a profile that was very close to the actual data points in the 1993 profile, and
fairly close in the 1994 profile, therefore adding validity to the calibration done with the 1999
data. As a result, it is reasonable to believe that any further predictions of temperature profiles in
Ashumet Pond will be accurate.
3.2.3.3 Dissolved Oxygen Concentration
The third parameter that was calibrated was the dissolved oxygen content. Dissolved oxygen is
very important to the organisms living in the pond as well as for stimulating decay. As a result, a
significant amount of time was devoted to developing representative dissolved oxygen profiles.
The most important factors that affect the dissolved oxygen profiles are the organic detritus
content and the decay rates of the detritus. There has been no data collection on the amount of
detritus that is present in Ashumet Pond; therefore, these values had to be estimated, and the
decay rates adjusted to accurately predict the dissolved oxygen content. Figures 3.12, 3.13, and
3.14 compare predicted concentrations and actual concentrations on three different dates in 1999.
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FIGURE 3.12 Comparison of Experimental and Model Predicted Dissolved Oxygen on
July 7, 1999
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FIGURE 3.13 Comparison of Experimental and Model Predicted Dissolved Oxygen on
August 9, 1999
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FIGURE 3.14 Comparison of Experimental and Model Predicted Dissolved Oxygen on
September 14, 1999
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The model predicted slightly high levels of dissolved oxygen in the beginning of the summer, and
slightly low levels of dissolved oxygen in the later portion of the summer, but generally did a
good job overall.
Validation was also used to ensure that the dissolved oxygen was accurately modeled in different
years. Both 1993 and 1994 were once again used to give validity to the calibration. Figures 3.15
and 3.16 show model predicted and experimental data comparisons for two dates in 1993 and
1994.
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FIGURE 3.15 Comparison of Experimental and Model Predicted Dissolved Oxygen on
August 3, 1993
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FIGURE 3.16 Comparison of Experimental and Model Predicted Dissolved Oxygen on
June 28, 1994
Both of the validation figures show that the model does a reasonable job predicting the dissolved
oxygen concentrations. The model predicted data once again predicts a closer correlation with
the experimental data in 1993 than in 1994, however, in either case the prediction is reasonable.
3.2.3.4 Phosphorus Concentration
Phosphorus was the next constituent calibrated. In initial trials the model predicted phosphorus
concentrations that were much lower than measured values. It is suggested in the user's manual
that the phosphorus be adjusted using phytoplankton growth rates, chemical composition of biota
and detritus, and particulate fraction of zooplankton. None of these parameters allowed the
model to predict the extremely high levels of phosphorus that are found in the hypolimnetic
region of Ashumet Pond. It is suspected that the extremely high levels of phosphorus in the
hypolimnion are a direct result of the sediment regeneration. Unfortunately, WQRRS does not
model this phenomenon; therefore, in order to model the phosphorus accurately an alternate
source of phosphorus was added to the model. This was accomplished by adding a very low flow
tributary, with a high phosphorus concentration, and low temperature. Calibration was necessary
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to determine the correct concentration of the phosphorus in the inflow, as well as the flow rate
and temperature. It was found that using .001 m3/sec of inflow, a concentration of 20 mg/i, and a
temperature of 6 *C was a very good estimate. The cold temperature insures that the phosphorus
enters the pond at the very bottom, and the low flow rate was found to be insignificant in the
water budget. Figures 3.17, 3.18, and 3.19 compare the predicted phosphorus concentrations and
the actual concentrations on three dates in 1999.
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FIGURE 3.17 Comparison of Experimental and Model Predicted Phosphorus Concentrations on
July 7, 1999
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FIGURE 3.18 Comparison of Experimental and Model Predicted Phosphorus Concentrations on
August 9, 1999
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September 14, 1999
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Stratification normally lasts for a period of five months. The addition of 20 mg/l of phosphorus
over a five month period at an inflow rate of .001 m3/s models a total phosphorus load of
approximately 260 kg/yr. This estimate seems reasonable, as the Jacobs Engineering report
approximated the sediment regeneration as approximately 389 kg/yr. An attempt was made to
use a loading of 389 kg/yr, but the model then predicted phosphorus loads that were much higher
than they should have been. It should be noted that estimating the amount of phosphorus
regeneration within the pond is very difficult to do accurately. From this study it would appear
that the Jacobs Engineering estimate is a bit high, but is not unreasonable.
In addition, the wet wells seemed to very accurately simulate loses from the groundwater and
sediment burial. The model predicted that the average phosphorus concentration in the outflows
was approximately .15 mg/l, bringing the simulated annual phosphorus loss to groundwater and
sediment burial to 260 kg/yr. This is very close to the Jacobs Engineering estimate of 284 - 322
kg/yr.
3.2.3.5 Phytoplankton and Zooplankton
An attempt was made to model the phytoplankton in the pond, but the lack of adequate field data
on phytoplankton made the task impossible. Phytoplankton are very responsive to short-term
temperature changes in available nutrients, grazing, etc. Sporadic phytoplankton data is available
in 1993, 1994, 1997, and 1998, but it is not enough to calibrate the phytoplankton levels in the
model because data was only collected once every one to two months, while phytoplankton
biomass can vary significantly on a weekly basis. Therefore, although the phytoplankton are
modeled, the accuracy of its representation in the actual system could not be tested.
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4 Possible Remediation Schemes
Controlling the nutrients responsible for excessive plant growth is very important in controlling
eutrophication, and as a result many different remediation schemes have been developed to
reduce nutrient levels in water bodies. The remediation techniques can be separated into two
broad categories: 1) control of external nutrient loads and 2) in-lake control methods.
4.1 Controlling the External Phosphorus Load
Controlling the external load of phosphorus to the pond would require a lot of effort. The STP is
the only source that is both significant and could be effectively controlled because it affects a
concentrated area of the groundwater.
If the additional phosphorus from the STP plume were found to affect the trophic state of the
pond, the intuitive solution would be to stop the plume from entering the pond. Shanahan (1996)
looked at this method of controlling the phosphorus. Several insitu remedial technologies were
explored, including air sparging, reactive walls, and the injection of hydrogen peroxide,
permanganate, or iron-EDTA. These technologies, however, have not been applied to the
remediation of phosphorus plumes, and their outcomes are uncertain. As a result, much more
research is needed in order to determine whether or not these technologies would be effective.
4.1.1 Pump and Treat
The most promising remediation scheme suggested by Shanahan was to pump the phosphorus-
laden water out of the aquifer, treat it, and dispose of the phosphorus. This technology is well
known and utilized in many groundwater contamination clean-up processes. The scheme would
involve the drilling of one or more extraction wells that would capture the contaminated
groundwater before it seeped into Ashumet Pond. The water would then be treated to extract the
phosphorus from the water, and re-released to the pond.
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4.1.2 Hydraulic Diversion
Another reasonable suggestion was putting in a hydraulic diversion. The hydraulic diversion
would divert the phosphorus-laden water to the west, and then let it migrate southward without
exposing it to the pond. Doing this would expose the groundwater to sediments that have many
sorption sites still available for the sorption of phosphorus. However, implementing this scheme
could prove to be difficult because the inflows and ecology of the pond must not be changed by
the hydraulic diversion.
4.1.3 Monitored Natural Attenuation
The final method, which has been implemented by default, is monitored natural attenuation. This
strategy involves the monitoring of the plume and phosphorus inputs to the pond to ensure that
the health of the pond remains fairly stable. If the state of the pond and the phosphorus levels in
the plume remain stable, no additional plan of action will have to be taken. If a remediation plan
is needed, it can then be implemented at a later date.
According to the latest data, using monitored natural attenuation was a smart decision because the
phosphorus concentrations in the plume may have reached their peak (Jacobs Engineering, 1999);
therefore, if an action plan is implemented in the future it will most likely have to do with in-lake
control of phosphorus.
4.2 In-Lake Control of Phosphorus
Eliminating the source of excess phosphorus is the normal approach that is implemented when a
water body is remediated in the long run; however, in situations where it is not feasible or is too
costly to implement, in-lake control of phosphorus is used. In-lake controls normally are not a
permanent solution to the problems that can arise from phosphorus loading, and as a result require
repeated applications. Several alternatives were suggested for the control of phosphorus in
Ashumet Pond in a 1999 report released by Jacobs Engineering (Jacobs Engineering, 1999).
These alternatives are outlined in the following sections.
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4.2.1 Nutrient Inactivation
Nutrients can be inactivated in a pond by the addition of aluminum sulfate or alum. The
aluminum salts form white bunches of aluminum hydroxide, or flocs, in the water and then
slowly fall through the water column to the bottom of the water body. As the floc forms it
adsorbs inorganic phosphorus from the water column, and once it settles on the bottom it forms a
layer that prevents release of phosphorus back into the water column.
The addition of salts can be an extremely effective method of removing phosphorus from the
water, but has proven to be very toxic to fish (Ryding and Rast, 1989). Aluminum hydroxide also
is not effective in removing dissolved organic phosphorus unless the particulate phosphorus in
cells or detritus can be removed by coagulation with the floc as it settles through the water
column. Finally, aluminum sulfate is an acid-generating compound and is best suited for lakes
that have high alkalinities. Unfortunately, Ashumet Pond does not have high alkalinity levels,
and thus the addition of acid could disrupt the pH of the water body, requiring the addition of
another chemical to balance out the effects of it.
Given that the addition of aluminum sulfate (A12 (SO 4 )3 ) is a temporary solution to the problem
and that it can lead to serious ecological problems, it is not suggested that this alternative be used.
4.2.2 Ferrous Iron Addition
Ferrous iron is an iron salt that precipitates in a water body into ferric hydroxide. Ferric
hydroxides can remove large quantities of phosphorus from a water column, and can effectively
reduce the regeneration of phosphorus in a water body by trapping the phosphorus in the soil;
however, under anoxic conditions the ferric hydroxide compounds reduce and then release the
phosphorus back into the water column. This can be a serious problem in the case of Ashumet
Pond as portions of the pond become anoxic in the summer months; therefore, unless other
measures are taken to ensure that the lake does not become anoxic, this remediation scheme
would not work well.
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4.2.3 Hypolimnetic Aeration
Hypolimnetic aeration involves introducing oxygen to the hypolimnetic waters in a water body
without destroying the thermocline. Usually the addition of oxygen to the hypolimnetic layer will
limit the amount of phosphorus released from sediment regeneration. A suggested method for
doing this is by pumping the water from the hypolimnion to the surface, oxygenating it, and then
sending it back to the hypolimnion without causing destratification. This method works well for
water bodies with well-defined density gradients that will not be affected by some thermocline
erosion.
One drawback to using this technique is that sometimes the aeration can increase diffusion of
nutrients from the hypolimnion to the epilimnion. Another possible drawback is the rapid
depletion of oxygen that occurs once the artificial aeration has ceased.
Aeration would in theory reduce the amount of phosphorus that is in Ashumet Pond in the short
term, but in the long term the effects are questionable. Historically, there are several places
within the pond where the sediments have very high levels of phosphorus. These areas can be
seen in Figure 4.1.
Figure 4.1 shows that the areas of high concentration are mostly around the rim of the deep
depression. Intuitively, one might think that the phosphorus released into the water column
remains in the hypolimnion once destratification occurs; however, this is not the case. When the
pond destratifies the phosphorus that was released by the sediments in the hypolimnion gets
mixed with the rest of the pond. As the phosphorus comes in contact with oxygenated water
again, a lot of the phosphorus in the water body gets trapped in the oxygenated sediments in the
deep region of the pond as well as the shallow regions. Since the shallower sections do not
become anoxic, much of the phosphorus becomes trapped permanently, while in the deeper
sections the phosphorus may get re-released to the water column. As a result, if repeated
oxygenation of the hypolimnion occurs, sediments in the deep basin would become more
permanently laden with phosphorus. Then, if artificial oxygenation of the hypolimnion ceases,
there could be an extra large release of phosphorus into the hypolimnion. When the fall overturn
occurs, this phosphorus would be re-released to the entire water body. Hence, this is not an
acceptable alternative.
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4.2.4 Circulation
Circulation of a water body involves the mixing of the hypolimnetic waters to a degree that the
thermocline is no longer preserved. The aim of this method is not to introduce oxygen to the
water body, but rather to circulate the entire pond. Since phytoplankton require light as well as
key nutrients, circulation of the entire pond will limit algal growth by keeping the algae out of the
zone of light penetration for extended periods of time (Ryding and Rast, 1989). For example, in
the summer the blue-green algae often dominate in the nutrient depleted waters of Ashumet Pond.
Circulation will bring the blue-green algae to deeper waters and allow the diatoms and other
green algae to come to the surface therefore reducing the possibility of the pond turning "green"
as a result of excessive blue-green algae growth.
There are several disadvantages of using circulation in Ashumet Pond. The first of these was
presented in Section 4.2.3, regarding the redistribution of phosphorus to the hypolimnetic
sediments. Another problem that could result from circulation is the increased decomposition and
nutrient release from sediments in the deep basin that would not normally see the warmer waters.
Finally, there could be some biological problems associated with circulation. For example, fish
are extremely sensitive to temperature differences, and if the water is circulated throughout the
pond, it is quite possible that species of fish would be put in danger. Because of these problems,
circulation is not thought of as an appropriate remedial action.
4.2.5 Oxidation of Sediments
Oxidation of the sediments would be done to prevent the release of phosphorus from the pond
sediments. In ponds that do not have an abundance of iron, the oxidation of sediments would
have to be combined with the addition of ferrous iron in order to promote the formation of iron
hydroxides, which would chemically immobilize the phosphorus. In order to oxidize the
sediments, it is suggested that calcium nitrate be directly injected into the sediments. The
injection of calcium nitrate would not restore oxygenated conditions to hypolimnion of the pond,
but would promote the denitrification process; therefore, inhibiting the development of the iron-
reducing conditions that would result in the release of phosphorus.
Unfortunately, this method is not an acceptable solution to the phosphorus problem because it
would promote the buildup of phosphorus in the sediments of the deep waters. If calcium nitrate
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were not injected indefinitely, the phosphorus would eventually be re-released back into the water
column. Another very bad attribute of calcium nitrate injection is the large amounts of nitrogen
that would be exposed to the pond. Although nitrogen is not thought of as being the limiting
nutrient in the pond, there is increasing concern that it could be in the near future, thereby
eliminating this remediation option.
4.2.6 Biomanipulation
Biomanipulation is a method whereby specific organisms are used to control the growth of algae
or other components. Biomanipulation is a very risky method of remediation because the
introduction of new kinds of organisms could cause uncertain changes in the ponds ecology.
Therefore, before any biomanipulation plans can be implemented, extensive studies must be
conducted to gain knowledge of the pond's food web. One good aspect of biomanipulation is that
a successful design would ultimately involve the introduction of predatory organism and nothing
else. In other words, the implementation of physical or chemical methods of remediation would
not be necessary. However, due to the amount of research that would have to be performed and
the uncertainty of the results, this method would not likely be used.
4.2.7 Sediment Removal
Sediment removal, or dredging, is the process of removing the nutrient-rich sediment from the
lake bottom. The removal of these sediments will reduce the internal loading of phosphorus and
other substances. In the case of stratified ponds, the process of removing the sediments can stop
or even reverse the effects of eutrophication.
Since Ashumet Pond becomes stratified in the summer months, sediment removal could be an
acceptable remediation scheme. Ashumet Pond has very high levels of phosphorus in the
hypolimnetic region of the pond during the summer months, greater than 500pg/L in most cases
due to the reducing conditions that occur in the absence of oxygen. In the epilimnion the
phosphorus concentrations in the water rarely rise above 20 gg/L, because the oxygenated
sediments trap the phosphorus. Therefore, it is advisable to either move the phosphorus-rich
sediments to the oxygenated region, or completely remove the sediments from the pond
altogether. The former suggestion may be less expensive in the short run because the sediments
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would just have to be moved to a different location within the pond. However, if the thermocline
rises in the pond or the sediments migrate back into the anoxic sections of the pond through wind-
related scour, the remediation could become ineffective.
One danger that sediment extraction could have is that phosphorus and other constituents of the
sediment could get spread to the water column during dredging; therefore, very careful
procedures must be followed to ensure that this does not occur.
4.2.8 Hypolimnetic Withdrawal
Hypolimnetic withdrawal is a process where a portion of the water in the hypolimnion is pumped
out of the water body and either treated and reintroduced to the water body or disposed of in
alternative manner. In most cases, hypolimnetic withdrawal is accomplished by placing a pipe
one to two meters above the sediments and pumping water at a rate that does not cause
destratification.
In the case of Ashumet pond, removal of some of the anoxic waters could shorten the duration of
anoxia and also remove some of the phosphorus and other nutrients that may have been released
into the anoxic waters. If this process is implemented in the summer months for a few years it
could successfully reduce the overall amount of phosphorus in the pond, and decrease the danger
of the pond becoming eutrophic.
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5 Testing the Possible Remediation Schemes
Out of the remediation schemes that were presented in Chapter 4, the most promising ones are the
removal of sediments, hypolimnetic withdrawal, and the pump and treat method of eliminating
the STP plume. Jacobs Engineering has presented a fairly detailed plan for the utilization of
either sediment extraction or hypolimnetic withdrawal (Jacobs Engineering, 1999). In an attempt
to examine the viability and effectiveness of these alternatives, WQRRS was used to model the
effects of the remediation schemes.
5.1 Hypolimnetic Withdrawal
Hypolimnetic withdrawal was picked as one of the best alternatives for in-lake remediation
because it has the smallest danger of disturbing the ponds ecology, unlike the uncertainty of
adding chemicals or trying to change the ecology through biomanipulation. Furthermore,
removal of hypolimnetic waters will not only reduce the amount of anoxic waters in the pond, but
also could successfully lower the total phosphorus levels within the pond. Most of the other
remediation schemes only inactivated the phosphorus temporarily.
According to Jacobs Engineering, the phosphorus-enriched section of the hypolimnion is
approximately 21.5 million gallons. According to Jacobs Engineering, the removal of all of this
water over a two-month period during stratification could be ecologically dangerous. Therefore,
removal of approximately half of the water, or 10 million gallons is suggested. Extraction of 10
millions gallons should not lower the level of the pond significantly, as it would take
approximately 70 million gallons to lower the pond by 1 foot. However, there are questions as to
how the extraction would affect other physical attributes in the pond, such as the movement of the
thermocline or changes in dissolved oxygen content within the hypolimnion.
In order to investigate these, an adjustment was made to the model. The hypolimnetic withdrawal
in Ashumet Pond would involve the extraction of 10 million gallons of water during two months
in a year. Ten million gallons extracted over a two-month period is approximately equal to
pumping 0.007 m3/s. In the original calibration of the model, the simulated outflow of the
ground water was approximated by uniform flow through 8 ports in a wet well. The outflow in
each port was set at .007 m3/s. In order to simulate the hypolimnetic extraction process, the
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pumping rate in the lowest port of the wet well was increased by .007 m3/s. This accurately
reflected the pumping that would occur 1 - 2 meters above the sediment bottom. Pumping in the
pond would occur during August and September, the times in which the phosphorus
concentrations in the hypolimnion are the highest (see Figure 1.5). Figures 5.1 and 5.2 show the
modeled phosphorus profiles with and without pumping near the beginning and near the end of
the two-month pumping period.
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FIGURE 5.2 Model Predicted Effects of Hypolimnetic Extraction at 7 liters/sec on
September 27, 1999
It is clear that the hypolimnetic extraction takes some of the phosphorus out of the system.
According to the simulation above, the hypolimnetic extraction would remove approximately 10
kg of phosphorus from the system, which is reasonably close to the 19 kg of phosphorus that
Jacobs Engineering estimated would be removed. The difference may be attributed to the fact
that the model is not calibrated to the exact phosphorus concentrations in Ashumet Pond, or that
the zone of withdrawal modeled with WQRRS is slightly different than the actual zone of
withdrawal.
The model also predicted that neither the temperature profile nor the dissolved oxygen content
would be affected by the low pumping rate used in the extraction, which was a concern expressed
by Jacobs Engineering. As a result the model was run with higher pumping rates to see how they
would affect constituents within the pond. Figure 5.3 shows the phosphorus profile with a
pumping rate of 28 liters/sec, four times larger than the reference case, near the end of the
pumping period.
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FIGURE 5.3 Model Predicted Effects of Hypolimnetic Extraction at 28 liters/sec on
September 27, 1999
Pumping at the larger rate increases the phosphorus removal to approximately 60 kg. Pumping at
28 liters/sec over a two-month period would mean that there is a total extraction of approximately
38 millions gallons of water. According to the model, this amount of water would not
significantly lower the elevation of the thermocline or affect the dissolved oxygen content. The
pond, however, would most likely drop 6 inches in surface elevation. Therefore, if significant
amounts of phosphorus needed to be removed from the pond in a short time, pumping at higher
rates would be acceptable without disturbing other facets of the pond. The larger problem
associated with pumping water at this rate is the increased rate at which the water would have to
be treated and disposed of once it was treated.
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5.2 Pond Sediment Removal
Figure 4.1 shows that there are two areas within the pond that have very high levels of
phosphorus in the sediments. One of these areas is located north of the deep hole and has a
concentration of approximately 400 mg/kg of phosphorus. The other area of high concentration
is located south of the big hole, and has a concentration of approximately 500 mg/kg of
phosphorus. Portions, if not all, of the high concentration areas in both spots are exposed to
anoxic conditions in the summer, and therefore could be the major contributors to the high levels
of phosphorus in the hypolimnion. As a result, sediment extraction of these areas could be very
beneficial in controlling the phosphorus levels in the pond.
Modeling the sediment extraction could not be done directly with WQRRS because the model
does not account for phosphorus directly within the sediments. Therefore, the sediment
extraction was modeled by lowering the concentration of inflowing phosphorus that was used to
model the sediment release during calibration. This is a reasonable way to estimate the sediment
extraction because sediment extraction would simply lower the levels of phosphorus released
from the sediments.
Another problem that was encountered was the fact that it is hard to determine the amount of
phosphorus that would be released after the sediments have been extracted. As a result, it was
estimated that 50 percent of the sediments would be removed from the pond. This was modeled
by reducing the inflow of phosphorus by 50 percent. Figure 5.4 shows the model prediction of
phosphorus in the water body if only half of the phosphorus was released from the sediments.
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FIGURE 5.4 Model Predicted Effects of Sediment Extraction on September 27, 1999
Reducing the phosphorus-laden sediments by 50% would cut the phosphorus released to the
system by almost 100 kg/yr. According to the output from WQRRS, the sediment extraction
would not have any affect upon the temperature levels or the dissolved oxygen content within the
water body. However, a detailed study would have to be performed to ensure that the extraction
processes would have no detrimental effects on the pond's ecology.
5.3 Pump and Treat Technology
The final remediation technology that was tested was the pump and treat technology that would
effectively stop the STP plume. The STP plume contributes approximately 82 kg of phosphorus
to the pond per year. Removing this source of phosphorus could be an effective way of stopping
the eutrophication problem.
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Modeling the elimination of phosphorus through pump and treat technologies was performed
fairly easily. The inflow concentration of phosphorus in the groundwater had to be simply
reduced a certain fraction. The original concentration of phosphorus in the groundwater inflow
was .073 mg/l. After the elimination of the phosphorus in the STP plume the concentration could
be reduced to .050 mg/l. Figure 5.5 shows the results of this reduction near the end of the
stratified period in 1999.
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FIGURE 5.5 Model Predicted Effects of Pumping and Treating on September 27, 1999
It is clear that this remediation scheme would not have the dramatic effects that hypolimnetic
extraction or sediment removal would have. The reason for this is that the phosphorus in the
inflows gets spread out more evenly throughout the water body. For example, in the epilimnetic
region of Figure 5.5, the phosphorus concentration is slightly lower than the initial concentration.
This may look like only a small percentage of phosphorus, but it represents a large quantity of
because of the much larger volume of water that is present in the epilimnion due to the
bathymetry of the pond. There also appears to be a slight reduction in the phosphorus levels in
the metalimnetic region and the lowest section of the hypolimnion.
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Like the other two remediation technologies that were simulated, the reduction in phosphorus due
to the pump and treat remediation scheme does not appear to have any noticeable effects on
temperature or the dissolved oxygen in the pond.
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6 Conclusions and Recommendations
6.1 Conclusions
As stated in Chapter 2, the trophic state of the pond lies somewhere between the mesotrophic and
eutrophic states. This classification places the pond at a more eutrophic state than previous
reports indicate. This higher trophic state is not unexpected, as the STP plume has been putting
higher and higher concentrations of phosphorus into the pond over the past two decades. As a
result, the pond has been and will have to be continually monitored to ensure that it does not
deteriorate further. If the pond is found to be deteriorating further, action will have to be taken to
stop the eutrophication process.
Hypolimnetic extraction was found to be the most practical solution in this case because it will
involve the least amount of disturbance to the pond. If rapid removal of phosphorus is needed
due to a sudden algal bloom or an unexpected spike in the phosphorus concentration,
hypolimnetic extraction could occur at a rate of 28 liters/sec and effectively remove a significant
percentage of the phosphorus in the deep hypolimnetic region of the pond. However, the 38
million gallons of water that would have to be extracted and treated could cause problems if no
rapid treatment system could be developed to treat the large quantity of water. One possible
place that this large quantity of water could be treated is at the new Sewage Treatment Plant that
was built slightly North of the former facility at the MMR. This idea, however, would involve
the pumping of water about 3000 ft to the new facility.
Sediment extraction should not be ruled out however. This method could prove to be very
effective, but a detailed plan still would have to be laid out to determine how the dredging would
occur, where it would occur, and how much would be dredged. The simulation that was run in
this report shows that the removal of sediments would reduce the total phosphorus load in the
pond, but this simulation was based arbitrarily on removing 50 percent of the phosphorus
releasing sediments in the pond. Therefore, the real effectiveness of the plan is still questionable
and further simulations would have to be run once a definite plan is proposed.
The pump and treat scheme could ultimately prove to be the most effective remediation scheme
in the long run, but this depends on future of the phosphorus plume. Presently it seems that the
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best remediation scheme would involve in-lake remediation techniques because control of the
external phosphorus load has a higher cost and is more risky. However, if it is found that the
phosphorus concentrations discharging from the plume to the pond are increasing for an extended
period of time, it may be worth the risk and cost to stop the plume from entering the pond. The
pump and treat simulation results do not look as dramatic as the results gained using the in-lake
eutrophication methods. However, in looking at Figure 5.5, one must realize that the pump and
treat scheme changes the phosphorus concentration in the epilimnion. This slight reduction in
phosphorus concentration could represent the difference between significant algae growth and
insignificant algae growth, especially if the remediation system is run over the course of a few
years.
It is not clear what the future will hold for Ashumet Pond or whether any remediation will need to
take place to control eutrophication. At this point it appears that Ashumet Pond may have already
experienced the highest concentrations of phosphorus that it will receive from the STP plume. As
a result, the enormous flux of phosphorus that was expected to reach the pond may never occur,
and this means that the method of natural attenuation that has been used for the past 20 years
could be the only remediation scheme that is needed.
6.2 Recommendations
Further investigation should include detailed studies of the ecological changes that either of the
in-lake remediation technologies presents to Ashumet Pond. WQRRS predicted only limited
effects to the water body, but there could be other hidden problems that could arise like the
release of phosphorus during sediment extraction or the effectiveness of disposing of the treated
hypolimnetic water back into Ashumet Pond.
Further investigations may also be considered where a more detailed study is conducted in which
the nitrogen, phosphorus, and phytoplankton are modeled. To do this a more comprehensive
computer model may be used. WQRRS is a respected and proven computer model, but the fact
that phosphorus cannot be modeled in the sediments is a major limitation to the program. Also,
in order to effectively model phytoplankton, a detailed study of the pond's biologic life would
have to be done to ensure that the model is calibrated effectively. Presently there is
phytoplankton data that is available for the years 1993, 1994, 1997, and 1998. However data
collection has been too infrequent for model verification to get a real sense of the phytoplankton
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cycle on a yearly basis. Therefore, it is recommended that a more frequent and detailed study be
done on the biologic life including phytoplankton, zooplankton, and fish. Performing this study
could also help determine the feasibility of using biomanipulation in the pond.
Finally, it is recommended that a further study be conducted to ensure that the pond is phosphorus
limited. This is a conventional assumption for fresh water ponds like Ashumet Pond, but recently
there has been increasing concern that the pond may also be partially nitrogen limited during
certain portions of the year. Nitrogen limitation could be a large problem in Ashumet Pond
because it has not been investigated thoroughly, and as a result, response time in treating
eutrophication due to excess nitrogen could be much longer than it should be.
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APPENDIX A
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ASHUMET POND MODELING
PRESENT MODELING SCENARIO
CAPE COD, MA
TITLE
TITLE
TITLE
JOB1
JOB2
JOB2A
JOB2B
JOB3
JOB4
JOB5
JOB5
JOB6
JOB7
PHYS1
PHYS2
PHYS3A
PHYS4
PHYS5
PHYS5
PHYS5
PHYS5
PHYS5
PHYS5
PHYS5
PHYS5
PHYS6
PHYS6
PHYS6
PHYS6
PHYS6
PHYS6
PHYS6
PHYS6
COEFF
COEFF
COEFF
COEFF
COEFF
COEFF
COEFF
COEFF
COEFF
INIT1
INIT2
INIT3
INIT4
INIT2
INIT3
INIT4
INIT2
INIT3
INIT4
INIT2
INIT3
INIT4
INIT2
INIT3
INIT4
INIT2
INIT3
INIT4
INIT2
INIT3
990429
1
0
0
8
5
990429
990914
0
0
0
.5
0
850
1.25
3.75
6.25
8.75
11.25
13.75
16.25
18.50
0
1.52
4.57
7.62
10.67
13.72
16.77
20
105
114
20
28
23
30
137
138
37
0 11.5
.011 .0031
2 11.5
.011 .0031
5 11.5
.011 .0031
8 11.5
.008 .0031
11 11.5
.004 .0050
14 11.5
.001 .0016
17 11.5
.001 .0016
991030
1
1
0
0
24
990526
990927
0
1
0
20
4E-6
2
2
2
2
2
2
2
2
0
13605
48978
111602
334770
462690
607032
821512
.1
2.
.003
.25
.02
.2
15
23
.8
24
0
1
0
8
0
990622
991026
0
5
41.6
19.8
1
0
0
0
990707
1
0
0
13
990720
0
5
70.5
3.4
-.5
0
5
2
.4
990809 990817 990830
24
0
1
0
2
1
990608
991012
0
1
2 . OE-09
0
6. 5E-6
.21
.21
.21
.21
.21
.21
.21
.21
0
75
150
260
624
728
832
920
106
115
22
17
25
32
139
140
15
.05
2.
.02
2.5
.06
.015
25
32
.020
8.5
8.5
9.8
107
16
24
19
27
33
141
142
3
.2
3.0
.06
.05
.03
.2
34
40
.015
75000
.608 .022
75000
.608 .032
75000
.602 .042
75000
.692 .044
75000
.601 .009
75000
.627 .017
75000
.671 .029
10.8
11.0
11.1
11.25
75
1
1
0
1
0
0
1
0
0
1
00
1
1
1
1
1
1
1
1
1
0
108
18
26
21
29
135
136
109
-1
6.5
.001
6.5
.001
6.5
.001
6.5
.001
6.5
.001
6.5
.001
6.5
.001
.05
.075
.03
.002
.1
4
8
.01
.150
.148
.122
.032
.030
.016
.008
.012
.011
.011
.008
.004
.001
.001
INIT4
INIT2 20 11.5 11.4 75000 6.5 .008 .001
INIT3 .001 .0016 .605 .075 .001
INIT4
INFL1 1 1 0 0 0 1 1 1 i
INFLIA 0 0 0 0 0 0
INFL1B 0 0 0 0 0
INFL2 990429 991030
INFL3 0 Groundwater Inflow Rate (cms)
INFL5 99042900 .12 -1
INFL3 0 Groundwater Temperature (C)
INFL5 99042900 14 -1
INFL3 0 Dissolved Oxygen
INFL5 99042900 0 -1
INFL3 0 Ammonia as Nitrogen
INFL5 99042900 .07 -1
INFL3 0 Nitrate as Nitrogen
INFL5 99042900 .10 -1
INFL3 0 Nitrite as Nitrogen
INFL5 99042900 .11 -1
INFL3 0 Phosphate as phosphorus
INFL5 99042900 .073 -1
INFL3 0 Trib Inflow Rate (cms)
INFL5 99042900 .001 -1
INFL3 0 Trib Temperature (C)
INFL5 99042900 6 -1
INFL3 0 Trib Dissolved Oxygen
INFL5 99042900 0 -1
INFL3 0 Trib Ammonia as Nitrogen
INFL5 99042900 .07 -1
INFL3 0 Trib Nitrate as Nitrogen
INFL5 99042900 .01 -1
INFL3 0 Trib Nitrite as Nitrogen
INFL5 99042900 .17 -1
INFL3 0 Trib Phosphate as phosphorus
INFL5 99042900 099051000 20 -1
weathl 99042824 0.08 51 31.0 30.150 10.5
weathl 99042924 0.04 52 31.6 30.151 10.8
weathl 99043024 0.02 50 33.1 30.287 10.6
weathl 99050124 0.16 52 33 30.241 7.4
weathl 99050224 1 52 38.6 30.233 8.6
weathl 99050324 0.04 52 45.5 30.108 15.4
weathl 99050424 0.3 50 48.4 29.97 13.2
weathl 99050524 0.12 53 49.8 29.972 7.6
weathl 99050624 0.87 55 51.2 30.038 5.5
weathl 99050724 0.01 53 50.7 30.06 8.1
weathl 99050824 0 53 51.9 29.962 9.6
weathl 99050924 0.38 65 53.8 29.82 9
weathl 99051024 1 60 42.5 29.936 13.5
weathl 99051124 1 59 30.5 30.116 9.2
weathl 99051224 0.87 60 28.7 29.953 10.4
weathl 99051324 0.91 55 31 29.962 11
weathl 99051424 0.29 53 39.8 30.172 9.9
weathl 99051524 0 55 44.3 30.33 8.9
weathl 99051624 0 55 45.1 30.336 8.4
weathl 99051724 0.27 56 50.4 30.286 7.3
weathl 99051824 0.13 59 56.1 30.19 8
weathl 99051924 0.59 64 58.3 30.008 9.9
weathl 99052024 0.93 61 51 29.937 11.2
weathl 99052124 0.5 58 45.7 29.982 9.6
weathl 99052224 0.05 60 51.8 29.977 7.8
weathl 99052324 0.09 61 53.8 29.917 9.2
weathl 99052424 0.08 61 60.4 29.637 8.3
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weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
99052524
99052624
99052724
99052824
99052924
99053024
99053124
99060124
99060224
99060324
99060424
99060524
99060624
99060724
99060824
99060924
99061024
99061124
99061224
99061324
99061424
99061524
99061624
99061724
99061824
99061924
99062024
99062124
99062224
99062324
99062424
99062524
99062624
99062724
99062824
99062924
99063024
99070124
99070224
99070324
99070424
99070524
99070624
99070724
99070824
99070924
99071024
99071124
99071224
99071324
99071424
99071524
99071624
99071724
99071824
99071924
99072024
99072124
99072224
99072324
99072424
99072524
99072624
0
0.36
0.35
0.02
0
0.3
0.62
0.12
0
0
0.22
0.84
0.17
0.6
0.45
0.09
0
0.27
0.1
0.09
0.91
0
0.02
1
0.8
0
0.5
0.39
0.7
0.52
0.11
0.09
0.48
0
0.17
0.26
0.25
0.35
0.05
0
0.21
0.34
1
0.39
0.65
0.96
0.22
0.22
0.12
0.27
0.46
0.51
0.46
0.5
0.51
0.77
0.2
0.29
0.67
0.32
0.39
0.69
0.09
50.3
48.1
46.3
48.6
54.9
57.3
58.1
60.4
64.3
62.2
49.2
49.1
55.2
67.1
62.3
54.4
51
52.9
58.6
63.7
65
53.7
46.4
50.5
51.8
53.2
51.6
51.7
56.8
61.6
59
57.9
58.9
61.7
70.6
71.7
57.2
65.8
69.9
63.3
71.2
73.6
68.4
58
51.2
55.8
62.1
49.4
53.9
56.8
57.9
60.3
64.8
69.1
68.4
67.5
60.1
54.4
65.2
67.7
70.8
67.8
66.5
29.675
29.697
29.752
29.909
30.03
30.116
30.048
29.97
29.885
29.728
29.985
30.239
30.136
29.828
29.684
30.035
30.308
30.32
30.291
30.192
29.962
29.895
30.117
30.066
30.16
30.349
30.347
30.229
30.09
30.024
29.966
29.892
29.851
29.901
29.692
29.572
29.935
30.047
29.935
30.039
29.884
29.766
29.729
29.742
29.803
29.863
29.681
30.032
30.252
30.196
30.174
30.076
30.017
29.992
29.969
29.902
30.002
30.1
29.943
29.826
29.734
29.691
29.719
16.9
13.9
9.2
9.6
7.8
5.9
9.2
10.5
8.7
14
11.5
12
13.6
12.5
13.6
12.3
10.6
8.1
7.5
7
13.1
12.8
11. 1
5.2
6.9
9.2
10.4
6.7
6.9
7.5
10.2
15.7
10.7
9.9
16.5
14.4
11
8.9
18.8
10.1
11.5
13.7
9.8
14
13.9
11.4
14.8
10.6
8.2
7.2
7.8
9.5
9.8
11
9
8.2
9
10.1
15
10.3
8.3
7.2
6
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weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
weath1
99072724
99072824
99072924
99073024
99073124
99080124
99080224
99080324
99080424
99080524
99080624
99080724
99080824
99080924
99081024
99081124
99081224
99081324
99081424
99081524
99081624
99081724
99081824
99081924
99082024
99082124
99082224
99082324
99082424
99082524
99082624
99082724
99082824
99082924
99083024
99083124
99090124
99090224
99090324
99090424
99090524
99090624
99090724
99090824
99090924
99091024
99091124
99091224
99091324
99091424
99091524
99091624
99091724
99091824
99091924
99092024
99092124
99092224
99092324
99092424
99092524
99092624
99092724
0.57
0.09
0
0
0
0.85
0.42
0.83
0.69
0.39
0.25
0.56
0.84
1
0.47
0.56
1
0.02
0
0.02
0.24
0.45
0.27
0.54
0.02
1
0.56
0.01
0.09
0.87
1
0.6
0.24
0.07
0.54
0.09
0.09
0.31
0.76
0
0.64
0.72
0.42
0.13
0
0
0.71
1
0.98
0.83
1
1
0.59
0.42
0.13
0.52
0.34
0.01
0.38
0.92
0.09
0
0.05
66.8
58.2
64.1
70
69.9
67.8
56.8
56.2
59.2
63.6
57.9
56.4
65.6
46.4
48.3
60.8
67.3
71
71.5
62.2
61.2
67.6
64.5
53.7
56.9
59.7
58.1
59.1
60.8
62.5
65
67.7
67.2
55.9
50.7
50
49.9
53.6
58.8
66.5
67
69.7
70.9
70.7
70.4
69.9
57.7
55.2
59.6
60.7
63.4
65
51.6
44.6
50.4
56.3
61.6
57.8
48.1
56.7
54.8
50.3
54.3
29.737
29.714
29.681
29.679
29.759
29.67
29.9
30.017
29.933
29.761
29.789
29.912
29.668
29.716
29.829
29.873
29.911
29.886
29.782
30.007
30.123
29.871
29.744
29.992
30.12
29.994
29.955
29.967
30.049
30.056
29.962
29.895
29.754
29.803
30.114
30.228
30.148
30.048
30.004
30.132
30.181
30.05
29.914
29.821
29.843
29.777
29.858
30.142
30.19
30.125
30.064
29.68
29.463
29.956
30.128
30.011
29.816
29.602
29.68
29.833
29.933
30.271
30.321
5.6
9.8
8.1
8.6
10.3
13.6
8.6
10.7
11.9
8.6
10.5
9.4
12.1
11.9
8.4
6.1
6.8
13
12
9.6
7.2
13.3
11. 1
8.9
7.7
14.8
8.7
7.8
7.8
8.9
6.7
7.7
10.8
12.8
11.8
10.3
5.9
5.8
7.2
9
8.6
9.6
10.1
10.6
11.7
9.3
10.2
8.7
8.8
6.9
4.6
18.6
24.5
12.4
7.6
7.4
7.6
11.8
14.9
14.8
10
7.9
7.5
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weath1 99092824 0.4 65 57.9 30.264 8.1
weath1 99092924 0.57 65 60.9 30.087 7.8
weath1 99093024 0 61 54.9 29.71 14.3
weath1 99100124 0.34 60 47 29.929 10.3
weath1 99100224 0 60 47 30.121 9.2
weath1 99100324 0 65 56.5 30.174 10.8
weath1 99100424 0 50 46 30.105 14.8
weath1 99100524 0.32 46 40.1 30.05 9
weath1 99100624 0.81 52 37.6 29.968 12.2
weathl 99100724 1 45 24.9 30.285 13
weath1 99100824 0.94 48 36.2 30.399 8.8
weath1 99100924 0.94 63 55 30.101 14
weath1 99101024 0.46 59 57.6 30.005 6.3
weath1 99101124 0.01 59 46.4 29.954 11.9
weath1 99101224 0.37 55 35.5 30.26 10.1
weath1 99101324 0.81 59 53.3 29.998 14.3
weath1 99101424 0.43 53 43 29.691 16.7
weath1 99101524 0 48 32.5 30.261 9.4
weath1 99101624 0.64 57 50.9 30.174 10.7
weath1 99101724 0 65 58.1 29.858 7.9
weath1 99101824 0.39 51 43.9 29.775 16
weath1 99101924 1 43 34.7 30.355 10.8
weath1 99102024 0.84 50 48.8 30.133 10
weath1 99102124 0.05 51 39.8 29.985 9
weath1 99102224 0.04 50 46.6 29.75 14.3
weath1 99102324 0.11 51 43.9 29.375 15.2
weath1 99102424 1 51 37.8 29.706 12.4
weath1 99102524 0 47 33 30.018 10.4
weath1 99102624 0.95 55 43.2 29.95 15.9
weath1 99102724 0.98 49 38.7 30.134 9.4
weath1 99102824 0.6 43 35.3 30.323 9.2
weath1 99102924 0 55 42.7 30.268 6.6
weath1 99103024 0.03 50 47.8 30.425 5.2 -1
OUTL1 -990429 .00700 .00700 .00700 .00700 .00700 .00700 .00700 .00700
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